S1 Methods.  Parameters Justification
Justification of Model Assumptions and Parameters’ Values 
Cytoplasmic field strength, inward and outward current density.  The experimental paper [s1] reported of the cytoplasmic electric fields in the range  of -5∙105÷-3∙106 V/m along the 4.5 µm line in the cytoplasm of living astrocytes. The measurements of [s1] are based on the observation of the fluorescence of the nanoparticles filled with the voltage sensitive fluorescent dye. The larger scale pictures of the astrocytes [s1] demonstrate that although the domains with similar level of fluorescence (i.e. electric field strength) are distributed all across the cytoplasm, the distribution of electric field is non-uniform and likely reflects the presence of multiple charged surfaces including cytoskeleton, endoplasmic reticulum and other organelles. Mathematical modeling of such environment is obviously a very complicated and computationally intense problem far beyond the scope of this study. Our aim is to determine the lower estimate of the role of electroosmosis in the intracellular transport. Therefore, we need to use some reasonable averaged estimate of the electric field strength in the cytoplasm of the polarized cell. 

The range of reported values of cytoplasmic electric fields and currents is quite broad. The author of [s2] illustrated his idea of a cell as a “miniature electrophoretic chamber” by presenting sketches of the cylindrical cells with membrane potentials at the opposite walls varying from -36 mV to -40 mV.  The study [s3] of the epithelial cells of the snail Achatina achatina demonstrated the transepithelial potential difference in the range of -6÷10 mV.  The pioneering paper [s4] demonstrated the self-generated electric current of 64∙10-11A per cell through the 70 µm diameter of the developing Fucus furcatus egg cell which translates into 0.04A/m2 current density. Much higher self-generated current of 5∙10-6 A per cell was demonstrated in the oocytes of Hyalophora cecropia [s5] (30µm diameter cells), which corresponds to the 1800 A/m2 current density. Theoretical study [s6] of the ionic permeability of epithelial tissues operated with the value of 50 mV potential difference across epithelia, based on the experimental studies of mammalian small intestine [s7], rabbit gallbladder [s8], and renal proximal and distal tubule [s9].

Based on the above data, and the notion that the potential difference across the polarized cell is generated by the asymmetrical distribution of ion channel and ion pump activity and following [s2, s5], we formulated the boundary conditions by specifying the inward and outward current density at the upper and lower walls of the cylinder (our model of the polarized cell) as Jn= 1500 A/m2(equivalent to 1.17∙10-6 A per cell), which resulted in potential difference of 49 mV which was in agreement with the range observed in [s6-s9].

Zeta-potential of the cellular membrane.  The charge of the outer surface of the cellular membrane and the surface potential of the cell were the topics of extensive theoretical and experimental studies as reviewed in [s10]. The theoretical study [s11] analyzed the dependence of the surface potential on biological surfaces on the pH and ionic strength of the solutions and compared it with the values of zeta-potential of the cells measured from the electrophoretic experiments.  The values of zeta-potential for human erythrocytes at pH=7 varied from -10mV to -70 mV [s12] and for sheep leucocytes from -10mV to -40mV [s13]. In the experimental study [s14], zeta potential of 3T12 cell at pH7.3 varied from -65mV to -30mV with ionic strength changing from 0.001M to 0.1M. Paper [s15] presented an overview of membrane electrostatics with the emphasis on the biological membranes and comparison of its properties with the artificial lipid bilayer membranes, arguing that “owing to the membrane asymmetry the electrostatic potential at the inner surface can be appreciably higher. For erythrocytes it is believed [s16] to be about -60 mV”.  

The experimental paper [s17] studied the electrophoretic mobility and the zeta-potential (-60÷-35mV) of rat liver mitochondria treated with inhibitors and stimulants of mitochondria bioenergetics and compared it with the measured transmembrane potential of these mitochondria. Based on this and other experiments [s18], the authors of [s19] argued that zeta-potential of the cell was strongly affected by the transmembrane potential and was therefore depended on the cellular metabolism. Based on this reasoning they further developed the “ion pump electroosmotic trap” model explaining the experiments [s20-s22] where nanoparticles were reversibly attracted to the living cells but not to the dead cells. The authors of the model predict that “ion pump not only separates electric charges, it also generates surface current along the cell surface; this surface current would involve liquid in motion, similar to the well-known electroosmotic effect” [s19]. By talking about the electroosmotic flow through the ion pump and along the outer surface of the cellular membrane, the authors of the paper [s19] came very close to the anticipation of the intracellular electroosmotic flow; however, they did not discuss it explicitly. 

As shown above, there is not much data to estimate the zeta-potential of the inner surface of the cellular membrane. The experimental data for zeta-potential of the outer surface of the cell was in the range -30÷-10mV at the physiological ionic strength 0.1M. Following the reasoning of [s15] that “the electrostatic potential at the inner surface can be appreciably higher”, we assume ζ=-50 mV, which agrees with value (-60 mV) predicted for the inner surface of erythrocytes from the measurements of [s16].

Viscosity. Experimental data on the viscosity of cytoplasm is quite controversial. As reviewed in [s23], the 17 papers published from 1950 till 1986 reported the values of cytoplasm viscosity that varied from 0.002 Pa∙s in Swiss 3T3 cells cytoplasm [s24] to 104 Pa∙s in squid axoplasm [s25] (compare to 0.0007 Pa∙s, viscosity of water at 37 0C). The measured values of the cytoplasm viscosity correlate well with the size of the particle probe used in the measurements, (e.g. in [s24] particle diameter was 6∙10-4µm while in [s25] it was 83 µm), which agrees with the notion that cytoplasm is a highly inhomogeneous environment composed of aqueous phase, complicated matrix and crowded with organelles, and biomolecules [s26]. The measurements of [s23-s25] therefore present the apparent viscosity which integrated the variety of particle-cytoplasm interactions at the scale of the probe diameter.  The more recent review [s27], reported of the cytoplasmic viscosity of 0.001-0.002 Pa∙s estimated through NMR measurement of rotational mobility of phosphoglycerate kinase [s28], and deoxymyoglobin [s29], as well as much higher value of 0.011 Pa∙s estimated from the behavior of two small fluorescent spin probes [s30], and much lower value, i.e. not significantly different from that of water [s31].  The author of [s27] attributed the above high value of viscosity [s30] to the binding of rotational probes to intracellular components and concluded that “average mobility of water in living cells does not appear to be greatly altered compared with pure water, but significant layers of more or less ordered water cannot be ruled out”. Some recent studies [s32-s33], however, again reported of higher cytoplasm viscosity.  The value of 0.0045 Pa∙s was estimated for the viscosity of cytoplasm of live Amoeba proteus from the experiments in tracking the endogenous particles (radius ~0.5 µm) which unlike exogenous particles could not damage the structure of the cell.  The much higher viscosity of 1.38 Pa∙s was estimated for the cytoplasm of drosophila oocytes by using the single point passive microrheology with beads of two sizes (diameter 0.5 µm and 1 µm) and two different coatings to ensure that “beads did not stick to any proteins” [s33]. 

The controversial data on the viscosity of cytoplasm and its dependence on the size of the probe particles, i.e. on the scale of spatial averaging, make it difficult to select the value of viscosity for our model of intracellular electroosmotic flow. Given the above information, we selected the intermediate viscosity value of 0.002 Pa∙s determined with ultra small probe particles [s24] and consistent with the results of the recent studies [s28, s32]. The value of viscosity is important for evaluation of the magnitude of the electroosmotic flow velocity; however, as shown in the Discussion section, it cancels out in the comparison of the relative impact of diffusion and electroosmosis in the transport of biomolecules, when the Einstein-Stokes equation (s1) for diffusion coefficient is used.
Diffusion coefficient of proteins in cytoplasm. Diffusion coefficient and viscosity of the medium are closely related. Diffusion coefficient in the homogeneous medium is determined by the Einstein-Stokes equation:
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where η- viscosity of the medium and rS –Stokes (or hydrodynamic) radius of the particle. In the inhomogeneous environment like cytoplasm, the situation is more complicated. As stated in [s34], “objects smaller than about 500 kDa diffuse freely in the cytoplasm, while objects larger than about 20 nm are macroscopically immobile due to the high viscosity of the cytosol and the presence of a dense meshwork of cytoskeletal filaments “.  

According to the theory proposed in [s35], diffusion coefficient of a small solute in cytoplasm is reduced relative to its diffusion coefficient in water Do due to three independent factors: 
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where factor 
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is simply the ratio of viscosities of water and cytosol, while F2 and F3 describe the effects of binding and steric hindrance. The model developed in [s26] continued this approach and argued that F2 could be modeled from the known or estimated direct and reverse binding constants, while F3 needed to be determined from the experimental data and depended not only on the size of diffusing molecule, but on the size of the cell and its organelles as well. According to [s26], the value of F3 varied from 0.4 for the molecule with 0.59 nm radius in the cell of 87 µm radius to 0.93 for the molecule with 0.57 nm radius in the xenopus oocyte cell of 1000 µm radius.

 According to experimental results reviewed in [s27], the ratio D/Do for the inert fluorescent tracers declined “in cultured Xenopus neurons from 0.39 to 0.05 for particles ranging from 2 to 44.8 nm hydrodynamic radius” [s36] and “in skeletal muscle myotubes, from 0.4 to 0.13 for particles ranging from 2.9 to 12.6 nm” [s37]. These results are consistent with the model of [s38] where diffusion is restricted due to sieving by a network of cytoskeleton filaments. Note that the value of D/Do=0.3÷0.4 for the small inert tracer particle (likely not influenced by the steric factor) is consistent with the η/η0=2.86 selected for the ratio of viscosities of cytoplasm and water in our study (η=0.002 Pa∙s). 

The apparent diffusion coefficients determined by FRAP experiments in intact cells (14 studies of D/Do for various proteins reviewed in [s27]) are much lower than predicted and measured for the inert particles of similar size which is most likely due to binding interactions with intracellular components (factor F2 ). In general, the value of D/Do is not correlated with the radius of the protein and differs from 0.007 for insulin (rs=1.6 nm) [s39] to 0.31 for green fluorescent protein (rs=2.5 nm) [s40]; the later shown to have very few ionizable or hydrophobic groups on its surface, which explains its apparent lack of binding [s41].

The recent paper [s42] introduced a new method of mesoscopic modeling of protein diffusion in the cell and applied it for analysis of the FRAP data and estimation of diffusion coefficient of enhanced yellow fluorescent protein (EYFP) in two cell lines, fibroblast-like Norden Laboratory Feline Kidney (NLFK) and cervical carcinoma HeLa cells. According to [s42], the diffusion coefficient of EYFP was equal to 15.5±2.7 µm2/s in the NLFK and 20.6±5.0 µm2/s in the HeLa cells. 

In our study, we aim to estimate the possible role of electroosmosis in the transport of messenger proteins from the cellular membrane to the nucleus. Following [s43-s44], we modeled the transport of proteins MEK and ERK.  The molecular weight of these proteins is 45 kDa and 44 kDa respectively. The model of [s44] assumed the diffusion coefficient of 50.5 µm2/s for these proteins; however this value seems overestimated in the view of the above data. To the best of our knowledge, there are no direct measurements of diffusion coefficients of MEK and ERK in the cytoplasm. Below we present our reasoning for approximate estimation of D for these proteins. Following [s45], the stokes radius for the 45 kDa protein is about 3.1 nm, which corresponds to the diffusion coefficient in water D0=101 µm2/s. 
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 since following [s43-s44] we assumed that messenger proteins do not bind to any cytoplasm objects. We assumed 
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≤0.4, following the results of [s26] for the molecule with 0.59 nm Stokes radius in the cell of 87 µm radius, based on the reasoning that our molecule is larger (3.1nm) and our cell of interest is much smaller (5 µm radius). Therefore, diffusion coefficient of the messenger proteins in cytoplasm was estimated as 
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µm2/s, which is consistent with the results of the FRAP measurements of diffusion coefficients (15.5 µm2/s and 20.6 µm2/s) of smaller protein EYFP (27kDa) in NLFK cells and HeLa cells (10.5 µm radius [s46]); it is also consistent with the diffusion coefficient of D=10 µm2/s assumed for signaling proteins in the VCell model of [s47]. 

Diffusion coefficient of the proteins in the nucleoplasm. The exact values of the diffusion coefficients of the proteins inside the nucleoplasm are not too important for our study, since we are interested in the protein transport through cytoplasm and not in its interactions with other proteins (e.g. transcription factors) inside the nucleus. The existing experimental data for the diffusion coefficient of the EYFP protein inside the nucleus (which is supposed not to have binding targets there) of NLFK cells and HeLa cells is much more uncertain than for the cytoplasm, i.e. 18.9±10.8 mm2/s (NLFK) and 17.2±13.4 mm2/s (HeLa) [s46]. However, the diffusion coefficients of the transcription factor NF-κB in the nucleus and of species bonded to this transcription factor are assumed much lower, i.e.0.0425 µm2/s, in the spatio-temporal model of the intracellular signaling pathway [s48]. We use the later value for the apparent diffusion coefficient of our messenger proteins inside the nucleus, since messenger proteins are supposed to interact with the transcription factors in the nucleus and since the detailed investigation of the fate of the protein after it reaches the nucleus is beyond the scope of this paper. As seen in the Results section, our main interest is the total flux of the messenger proteins through the nuclear-cytoplasm interface.  

Assumption of the slip boundary condition

The no-slip boundary condition typically used at the liquid-solid interface has been debated since the 19th century as reviewed in [s49-s50]. The alternative linear slip boundary condition was proposed by Navier [s51] and Maxwell [s52] in the following form:
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meaning that the normal component of the velocity is equal to zero, while the tangential component of velocity is proportional to the shear rate at the surface; parameter
[image: image9.wmf]l

is called slip length and can be interpreted as the fictitious distance below the surface  where the no-slip boundary condition would be satisfied. Since 
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is small compared to channel size in the majority of the problems, it was not important whether to use no-slip or slip boundary condition. However, this is not the case in the narrow channels, e.g. in microfluidics. The more recent studies showed that the no-slip boundary condition is “just one of many allowable flow boundary conditions ranging from pure slip to multi-layer locking. The degree of slip at the boundary depends on a number of interfacial parameters including the strength of the liquid–solid coupling, roughness of the interface, and the commensurability of wall and liquid densities ”[s53- s55]. The situation is even more complicated when the fluid is in contact with the biological surfaces, as reviewed in [s56], where the modifications of the no-slip boundary condition on the macroscopic “riblet” and “hairy” surfaces are discussed. The boundary condition on the cellular and nuclear membranes are even more difficult to define, since depending on the scale it could be viewed both as “hairy” surfaces and as multilayered viscoelastic structures [s57], where deformation and movement of layers is possible. Based on the above experimental and theoretical studies we concluded that the no-slip boundary condition would be too restrictive and would not properly describe the interface between cytoplasm and cellular and nuclear membranes. Instead, we used the slip boundary condition implemented in the COMSOL Multiphysics software and formulated as:
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expressing that there is no flow across the boundary and no viscous stress in the tangential direction.  
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